ABSTRACT. This paper discusses the current progress in a study of nondestructive inspection methods for monitoring epoxy primer coating degradation under simulated weathering conditions. Characterization of the chemical changes in the coating will be conducted using attenuated total reflection (ATR) -Fourier transform infrared (FTIR) spectroscopy and IR microscopy. The nondestructive evaluation (NDE) methods used to monitor the physical degradation of the polymeric coating include: white light interference microscopy (WLIM), nanoindentation, and scanning acoustic microscopy (SAM). The microscopic images obtained using the NDE methods will be correlated with the measured physical and chemical changes. Artificial weathering of the coated samples was conducted using simulated sunlight exposure (Xenon arc lamps), combined with heat and humidity.
INTRODUCTION
Aircraft structural coatings are designed primarily to offer corrosion resistance to the underlying structure. In general, multilayered coating systems consisting of a chromate conversion coating, primer and topcoat are applied to the aluminum, alloy substrate. The chromate conversion coating is a self-healing layer that counteracts the early stages of corrosion that occur when contaminants reach the aluminum substrate. The primer is the workhorse of the protection system. The primer must be strong enough to withstand the mechanical loading of the structure, while maintaining good adhesion properties to prevent contaminants from reaching the substrate. Primers are often formulated from epoxy resins, which offer strength and good adhesion to the aluminum substrate. The topcoat acts to protect the primer layer from the service environment by resisting water penetration. The topcoat is typically a polyurethane formulation, which may contain color pigments for appearance and UV absorbers for protection of the coating from degradation.
The goal of this project is to identify methodologies utilized at each stage of coating development that are applicable for characterizing degradation within a polymeric coating as a function of environmental weathering. The inspection data from each of the different NDE techniques will be correlated to find a methodology that identifies physical and chemical changes within the coating, which lead to coating failure. Possible damage metrics can then be examined to define those that correlate with coating "failure". Since integrity of the primer layer is the critical factor for maintaining corrosion protection of the substrate, degradation within a two-component solvent borne epoxy will be investigated. A formulation based on a bisphenol A epoxy (Shell EPON 828) reacting with an amine functional polyamide (Shell EPI-CURE 8290-Y-60) at stochiometric equivalents on a cleaned and deoxidized AA-2024-T3 substrates were used.
The inspection techniques selected for characterization of the coatings were chosen to quantify the physical, chemical and mechanical response of the coating as a function of weathering time [1] [2] [3] . Exposure to UV radiation can result in photooxidation of the polymer and ultimately chain scission [4] . These chemical structure changes can be detected only through an inspection technique sensitive to the molecular bonds within the polymer, such as IR spectroscopy [1] [2] [3] [4] [5] [6] [7] . Thermal cycling results in fatigue and possible disbond of the polymer coating from the substrate. Inspection techniques such as acoustic microscopy that are sensitive to interfacial adhesive properties can be used to detect a disbond [8, 9] . The degradation of coating material due to the combined photolytic and hydrolytic effects of weathering gradually erodes the film surface. Inspection techniques that are sensitive to the surface topography of the coating can be used to detect changes in surface roughness which results in lower gloss [1] [2] [3] 10] . The complex failure mechanisms of environmentally exposed organic coatings ultimately result in a degradation in the mechanical properties of the coating. Therefore, an inspection technique which can be used to correlate changes in mechanical response of the polymer as a function of the physical and chemical changes would be valuable for predicting performance [11, 12] .
EXPERIMENTS
The approach chosen in this program is to examine the physical and chemical changes induced in a model structural coating during weathering exposures, using multiple inspection techniques, and correlate the resulting data. The polymeric coating used in this study is a bisphenol A epoxy primer that is typical of that used in AF coating systems. Characterization of primer degradation was determined to be a good starting point for the project since the primer is the main protection layer for the substrate. Degradation in the primer directly affects adhesion to the substrate, which if compromised leads to corrosion initiation. In addition, epoxy materials are well characterized in the literature and we hoped to be able to compare results with other studies.
The weathering will be conducted as cyclic exposures to UV light (xenon) heat and humidity as described in MIL-PRF-85285C. The 2-hour cycles consist of 102 minutes of xenon light exposure at 60°C, followed by 18 minutes of xenon light with water spray at room temperature. The weathering cycles are repeated to achieve the required exposure time interval. Coating degradation was characterized as a function of total accumulated weathering exposure time.
Chemical changes occurring over a large region of the epoxy during weathering exposure were monitored using Attenuated Total Reflection -Fourier Transform Infrared (ATR-FTIR) spectroscopy. Local changes in the IR absorption spectra were monitored using IR microscopy. Coating surface topographical changes were monitored using White Light Interference Microscopy (WLIM). Changes in the mechanical response were monitored using nanoindentation techniques. Changes in the through thickness acoustic properties were monitored using Scanning Acoustic Microscopy (SAM). The experimental approach and data analysis procedures for each of these techniques are discussed below.
IR absorption spectra are commonly used for chemical structure characterization of polymeric coatings. The particular molecular bonds within the polymer structure will exhibit vibrational resonance at frequencies in the IR band. This spectral signature can be used as a fingerprint to identify the constituents, and their destruction or evolution under outside chemical or environmental influences.
Both ATR-FTIR and IR microscopy rely on absorption of the same IR frequencies in the near surface region of the polymer. In both cases the incident light source is partially absorbed by the polymer as it is reflected multiple times at the crystal/polymer interface. For this reason, the technique is highly sensitive to surface properties and conditions [5] [6] [7] .
Good sensitivity to changes at the polymer surface is particularly good for characterization of weathering since degradation is concentrated at the surface. The quality of the IR spectra obtained using these techniques depends on maintaining a good optical contact between the crystal and polymer. In the case of ATR-FTIR, pressure is applied to the ZnSe crystal to maintain contact with the coating surface through the use of a clamp (Figure la) . The crystal, approximately 18 mm X 70 mm, must have a good optical contact across the entire surface to obtain good spectra. In contrast, the IR microscope contact region is much smaller (approximately 50jim square). In this case the contact is better, but the measurement is more localized and may not represent the overall performance of the polymer ( Figure Ib) .
For our experiments, the spectra were obtained using a Perkin Elmer FTIR, model Spectrum 2000, with a horizontal ATR equipped with a ZnSe crystal. The resolution was set at 4.00 cm" 1 and 25 accumulations were collected for each sample spectrum. The ATR spectra were collected from the epoxy coated panels during each interruption of the accelerated weathering experiments. Spectra were collected at the same location on the panel. Comparisons were made between the spectra acquired before weathering and after each exposure step. The ATR absorption peaks were identified as those associated with the chemical structure of the crosslinked epoxy-amine film. Weathering exposure resulted in a continuous decrease in peak intensity and width for all observed peaks. No new absorption peaks appeared, nor were any existing peaks observed to increase in intensity or width during the exposure. Thus, monitoring the decrease in the peak height and area for selected peaks was chosen as a quantitative measure of coating degradation. To eliminate sample-tosample variability in the spectra the peak height and area were normalized by the peak height and area at 1508cm-1.
Characterization of the coating surface topography was conducted using white light interferometry (WLIM). Prior studies have shown that weathering exposure can result in changes to the coating surface topography due to erosion or embrittlement [1] [2] [3] . The WLIM consists of a Michelson or Mirau-type interferometric microscope, with vertical scanning capability and is capable of a lateral surface resolution of 0.2 Jim [10] .
Information on the mechanical response of the coating as a function of weathering was obtained using nanoindentation. The nano indentor xp instrument used in this study was manufactured by MTS Systems Corporation and is equipped with a berkovich diamond ration depth (a) (b) indentor (Figure 2a) . The system acquires load and displacement data continuously during indentation, and the Continuous Stiffness Measurement (CSM) option can be used to apply a small oscillatory load to the indentor, thus allowing the calculation of stiffness as a function of load and penetration depth (Figure 2b ). Elastic modulus and hardness is calculated from the stiffness data using the analysis method of Oliver and Pharr [13] , and is based on a modeled value for the indentation area rather than an optically measured area.
As already mentioned, acoustic weathering inspection investigates the accompanying mechanical changes that the coating materials undergo during degradation. According to Equation 1, acoustic reflectivity evaluation can provide direct information about the mechanical properties.
Where z=acoustic impedance, p=density, c=sound velocity, v=Poissons ratio, E=elastic modulus. The specimens investigated in this work undergo homogeneous UV exposure. Thus, high resolution measurements are not necessary. A low focusing 25 MHz transducer is chosen for this experiment. This probe has the additional advantage to be not extremely sensitive to probe/specimen-distance variations. It becomes necessary to estimate the fraction of the reflection pulse that is not affected by the substrate, since time separation of successive interface reflections is limited. From this fraction, the maximum amplitude re is recorded. This amplitude is proportional to the reflection coefficient RC for the interface water to coating. For the calculation of the acoustic impedance z c it is required to compare the measured reflectivity to a known reference reflection. An obvious choice is the water/Alsubstrate interface. The respective acoustic impedances of water (zw) and AA2024-T3 (Z A ) are known, as well as the reflection coefficient R A at this interface. The maximal reflection amplitude r A can be measured easily. Assuming that the ratios rc/r A and RC/RA are equal it is possible to calculate ZG as shown in equation 2:
1 + R C 
RESULTS
ATR spectra were acquired prior to weathering and after 2, 4 and 24 hours exposures to evaluate the overall effects of weathering on the polymer, and as a baseline for designing a weathering test matrix. Figure 3a shows that the unweathered ATR spectra exhibit IR resonances with peak positions corresponding to the known constituent bisphenol A epoxy resin. However, pure epoxy coatings are very sensitive to UV degradation, and after only 4 hours of exposure, a significant decrease in peak height was observed. After 24 hours of weathering complete breakdown of the polymer structure was indicated as shown by the complete disappearance of the absorption peaks. Since the IR absorption peaks have been correlated with the epoxy coating chemical structure, a decrease in the absorption peak heights and areas can most likely be correlated with the breaking of carbonyl amide bonds within the polyamido-amine crosslinker chains during UV exposure. The breakdown of these bonds may result in a change in the elastic properties of the polymer, which can be detected by SAM or local modulus measurements.
It is known that the IR peak heights are reduced due to changes in the chemical structure of the crosslinked polymer. However, there can be additional causes for a reduction in peak height. With ATR spectroscopy, changes in the optical contact area can also result in a reduction in peak height. The physical degradation occurring during exposure could have resulted in an apparent peak height decrease due to an increase in surface roughness, decrease in coating flexibility or other factors that influence the contact between the coating and the ATR crystal. A decrease in peak height can also be due to physical changes in the coating surface, thus affecting the crystal/specimen contact region. The evolution of chalk during weathering has been shown to reduce the apparent IR absorption on the surface of coated panels. Similarly, changes in the topography of the coating due to erosion, cracking or embrittlement may result in an apparent decrease in the IR absorption. These physical changes in the coating can also affect the coating performance since degradation in the epoxy surface can provide a path for water or contaminants to reach the substrate surface.
A reassessment of the 24 hour exposure panel using the IR microscope showed that significant IR absorption was still occurring within the polymer due to the increased sensitivity of the IR microscope (Figure 3b ). Similar absorption spectra acquired at multiple locations on the epoxy surface verified that the polymer was not as severely degraded as that indicated by the ATR spectra. Future evaluations of weathering degradation in the current program will employ ATR spectra to identify overall average performance, but the spectra acquired using the IR microscope will be used as the primary gage of chemical degradation within the coating. An additional advantage of the IR microscope for the current study is that the chemical structure information acquired is for a very specific location on the specimen. These data will be better suited to correlate with the localized NDE inspections and may give information on defect initiation mechanisms.
Characterization of the surface topography using WLIM showed a granular type cell structure that was generated during the polymer cure. The spatial diameter of the cell structure is roughly 10-20 jim. The local surface height variation in the vicinity of the cell structures is on the order of 600 nm. This cell structure can have multiple effects on the performance of the coating. Surface structure will affect the adherence of subsequent coating layers. Similarly, the effects of weathering will be different depending on the initial surface condition. It has not yet been determined, if this level of irregularity is enough to cause attenuation of the IR spectral response as was seen in the ATR data.
Images of the unexposed polymeric coating can be compared to those obtained from a panel that was subjected to 24 hours of weathering (Figure 4) . After weathering, the cell structure continues to dominate the coating surface topography, however the WLIM images show that the local height variation is somewhat lower (-200 nm). Details of a fine structure between the larger cells can also be detected in the WLIM images. The images acquired using the AFM show a similar cell pattern but do not show the fine structure of the topography between larger cells (Figure 4b ).
Although the current results demonstrate that the coating surface can be imaged using WLIM, a complete assessment of the coating topography is currently underway to determine variability across the panel. In future studies, a direct correlation between the topographical changes detected by the WLIM and the IR spectra at the same location on the panel, as a function of weathering will clarify the source of the surface roughness affecting the IR spectral results.
The variation in elastic modulus as a function of indentor penetration depth is shown in Figure 5 a. Since this instrument acquires the actual load on the sample as a function of vertical displacement we are able to carefully select the loading window used to calculate stiffness, and hence elastic modulus. The modulus values can be presented continuously as a function of penetration depth so that a gradient in the material properties can be detected. The results presented in Figure 5a are typical for the epoxy panels tested thus far. The plot in Figure 5b shows that these preliminary results indicate a slight increase in elastic modulus after 24 hours of weathering. Further weathering will be required to verify the trend. Similar to the other inspection methods being examined, an extensive evaluation of the variability in elastic modulus across the panel will be required to determine if the changes in elastic modulus are within the normal variability of the panel or actually correlate with specific defects in the local region.
The mechanical properties measured using the nanoindentation technique discussed above are localized to the surface of the material. Acoustic microscopy on the other hand can be used to obtain information regarding average mechanical properties through the thickness of the material. As previously discussed, the acoustic impedance is a function of density and elastic modulus. Therefore, by measuring the amplitude of the acoustic wave reflected from the substrate, information on the variation in material properties can be obtained. Figure 6 shows two A-scans obtained from epoxy coatings that were exposed for zero and 24 hours exposure, respectively. As already mentioned, it is crucial for acoustic evaluation to distinguish between the influence of the coating thickness and the acoustic impedance of the coating material. Thus, each coating was examined at a position where its thickness was exactly 25 Jim. The thickness was determined by using WLIM. The A-scans show reduced reflectivity amplitudes for the degraded epoxy coating. This corresponds to an overall softening of the polymer due to destruction of the epoxy binder structure. A softening of the epoxy coating is in apparent contrast to the slight increase in elastic modulus with weathering time indicated by the nanoindentation results discussed previously. The differences in elastic behavior measured by the two approaches are mainly due to the region of sensitivity for the particular measurement. The nanoindentation results are highly localized at the coating surface, while the SAM measurements are based on a through thickness measurement of reflected amplitude. The differences in the results may further indicate a failure mode induced by a large gradient in the elastic properties through the thickness of the coating, thus resulting in internal stresses that ultimately lead to cracking. Thus, further studies to develop an NDE parameter for monitoring coating degradation based on acoustic response show promise.
SUMMARY
NDE techniques were used to characterize the chemical, physical and mechanical changes in an epoxy primer due to weathering exposure. The decrease in absorption peak height and area measured using ATR-FTIR spectroscopy showed the degradation in the polymer chemical structure due to weathering. Local measurements of the IR absorption spectra using an IR microscope attachment showed higher peak amplitudes than those obtained using ATR; indicating that the attenuation in the ATR spectra might be due in part to degradation in the optical contact between the ATR crystal and epoxy coating. Surface topography imaged using WLIM showed a cell pattern on the coating surface that may have been formed during the cure. Changes in the elastic response of the near surface region on the coating measured using nanoindentation indicated that an increase in the elastic modulus occurs during weathering. Measurements of the reflected acoustic signal using SAM showed that the changes in phase and amplitude due to weathering are very small. A comparison between the elastic response measured using nanoindentation and SAM indicated a gradient in the elastic properties results from weathering degradation. Correlations between the changes in surface condition and the IR absorption and acoustic properties may lead to a NDE approach for monitoring degradation in polymeric protective coatings. 
